Proteins that catalyze the dissolution of bacterial cell walls resulting in cell lysis are collectively referred to as lytic enzymes. Lytic enzymes of bacterial origin may be categorized as phage lytic enzymes, which function in the release of mature phage particles, or autolytic enzymes, which are thought to be associated with the processes of cell growth and division and sporulation.
Phage-induced lytic enzymes have been detected in lysates of various phage-host systems. With the exception of the N-acetylmuramidase of phage T2 (13, 30) and T4 (28) and the endopeptidase of phage X (2, 3, 26) ; lytic enzyme from phage P22 of Salmonella typhimurium (19) ; N-acetyl-glucosaminidase from phage C-1 of group C streptococci (1; S. S. Barkulis et al., Abstr. Annu. Meet. Amer. Soc. Microbiol., p. 32, 1964) ; and the endopeptidase from phage TP-1 of Bacillus stearothermophilus (32, 33) , most of the information has been descriptive in nature. In each case only one lytic enzyme was detected in the crude lysate or ' Present address: Department of Microbiology, Scripps Clinic and Research Foundation, La Jolla, Calif. 92037. purified enzyme preparation. More than one kind of lytic activity has been reported in crude lysates of phage 80 (6) or phage 53 (20) of Staphylococcus aureus. It is generally assumed, however, that in most phage-host systems a single phage-induced lytic enzyme is responsible for the release of mature phage particles.
Moo-Penn et al. (15, 16) reported that crude lysates and purified lytic enzyme preparations of coliphage N20F' exhibit lytic activity at two pH optima, one at pH 5.5 and the other at pH 8.5. It was proposed that a monomer-dimer transition was responsible for lytic activity at pH 5.5 (monomer) and pH 8.5 (dimer) .
In preliminary experiments we found that mitomycin C-induced lysates of B. stearothermophilus 4S (8, 12) (lysogenized with temperate phages TP-8 and TP-12) contained lytic activity exhibiting three pH optima (pH 6.5, 7.5, and 9.0). Mitomycin C-induced lysates of the lysogenic strain 4S(8) contained lytic activity exhibiting pH optima at 6.5 and 7.5 and mitomycin C-induced lysates of lysogenic strain 4S (12) contained lytic activity exhibiting a pH optimum at 9.0. Lysates prepared by infection of the cured strain (4S) with phage TP-8 contained lytic activity exhibiting pH optima at 6.5 and 7.5 and lysates prepared by infection of strain 4S with phage TP-12 contained lytic activity exhibiting a pH optimum at 9.0.
In this paper we describe the isolation and some general properties of the lytic activity in phage TP-8 lysates. The mode of action of the lytic activity on cell walls at each pH was also determined. In addition, we present evidence that indicates that the phage-induced lytic activity is derived from the host autolytic system.
MATERLAL AND WETHODS
The organisms used in the study were B. stearothermophiluw strains NCA 15034R and 4S (8) . Strain 4S (8) is lysogenized with phage TP-8 (11) and was isolated from a culture of 4S (8, 12 ) after a spontaneous loss of phage TP-12. A cured strain (4S) was isolated after treatment of strain 4S (8, 12) with N-methyl-N'-nitro-nitrosoguanidine. Phage TP-8 was assayed on a nonrestricting mutant (4S r1,4) of strain 4S (11) using the bacteriophage assay described by Welker and Campbell (31) .
Cultures were grown in a 2% Trypticase (BBL), 0.5% yeast extract, 0.5 glucose (TYG) or fructose (TYF) medium containing Welker (32) . Lytic activity was measured in a Gilford model 2400 automatic spectrophotometer equipped with dual thermospacers. The assay temperature was maintained at 55 C with a Haake model F constant temperature circulator. The reaction mixture contained 2.8 ml of buffer and 0.1 ml of enzyme. After equilibration at 55 C, 0.1 ml of substrate (0.38 mg) was added. The initial OD at 410 nm was between 0.6 and 0.75. A unit of lytic activity is defined as a decrease in OD of 0.1 per min between 2 and 5 min after the addition of the substrate. Protein was determined by the method of Lowry et al. (12) using bovine serum albumin as a standard.
Column chromatography. Carboxymethyl (CM)-cellulose (standard capacity, 0.7 fi= 0.1 meq/g) was obtained from Schwarz/Mann and a suspension was prepared by the procedure described by Welker (32) . A chromatographic column (2.5 by 15 cm) was packed by gravity flow at 5 C to a height of 10 to 12 cm and equilibrated with 0.05 M sodium acetate buffer, pH 5.6 (SA buffer).
Diethylaminoethyl (DEAE)-cellulose (standard capacity, 0,9 X 0.1 meq/g) was obtained from Schwarz/ Mann and phosphocellulose (exchange capacity, 0.87 meq/g) from Bio-Rad Laboratories. Sephadex G-75 and G-100 were obtained from Pharmacia Inc.
Characterization of lytic activity on cell wails.
Cell walls of B. stearothermophilus NCA 1503-4R were prepared as described by Sutow and Welker (24) . Cell walls (2.5 mg) were incubated with a purified lytic enzyme preparation (63 5Lg) in 11 ml of the appropriate buffer. Duplicate samples (1.0 ml) were removed at intervals and placed in tubes (11 by 75 mm) containing 0.25 ml of 1% Na,B47.-10 H2O or 1.0 ml of 0.53% Na,CO,-0.065% KCN solution for the determination of N-terminal amino groups (8) and reducing power (17) , respectively. The released amino groups and reducing power were determined by the procedure described by Welker (32, 33) and expressed relative to D-alanine and N-acetylglucosamine, respectively.
Fractionation of cells into cell wail and nonwall fractions. Cells were ruptured and separated into two fractions (cell walls and nonwall material) by a modification of the procedure described by Sutow and Welker (24) . Cells (2.5 to 3.5 g) were transferred to a 40-ml Duran flask containing an amount of acidwashed glass beads (0.2 mm) that equaled three times the wet weight of the cells. Distilled water was added to produce a 50% suspension of bacteria (wt/vol) and the mixture was shaken for three 1-min intervals at 2,000 rpm in a Braun model MSK mechanical homogenizer (Braun Co., Melsunger, Germany). The suspension was cooled with intermitent jets of liquid CO,. The slurry was diluted with 30 ml of distilled water, and the glass beads, intact bacteria, and cell debris were removed by centrifugation at 1,000 x g for 10 min. Disruption of the remaining bacteria in the residue was achieved by a second treatment in the Braun cell homogenizer. After centrifugation at 1,000 x g for 10 min, the cell wall suspensions were combined, diluted to 100 ml with distilled water, and treated with deoxyribonuclease (10 gg/ml) for 30 min at 37 C. The cell walls were collected by centrifugation at 27,000 x g for 15 min. The cell wall pellet was suspended in 20 ml of distilled water and centrifuged at 1,000 x g for 10 min. The cell walls were again collected by centrifugation at 27,000 x g for 15 The effect of buffer concentration on lytic activity was determined over a range of 0.01 to 0.1 M (Table 1) . Maximum lytic activity at pH 6.5 and 7.5 occurred around 0.017 M sodium phosphate (P buffer) and 0.033 M Tris-hydrochloride (T buffer), respectively.
When the lytic activity in a crude or dialyzed crude lysate was assayed in P buffer (pH 5.7 to 8.0) plus 10-i M NaCl (PN buffer) or T buffer (pH 5.7 to 8.0) plus 10-3 M EDTA (TE buffer) a discontinuous pH-lytic activity curve was obtained between pH 6.5 and 7.5 ( Fig. 1) .
The selective use of NaCl or EDTA allows a clear differentiation and quantitative estimation of the two lytic activities in crude lysates.
Isolation and purification of lytic activity.
The ,appearance of lytic activity in the supernatant fluids of mitomycin C-induced cultures of B. stearothermophilus 4S (8) is shown in Table  2 . Mitomycin C was added to cultures (0.1 jsg/ml) in the early exponential phase of growth (OD at 525 nm of 0.2; 7 x 107 to 108 cells/ml). Lytic activity and phage TP-8 were not detected in the supematant fluids until the culture began to lyse (90 min after the addition of mitomycin C). Purified preparations of phage TP-8 (7 x ALg/ml each of deoxyribonuclease and ribonuclease for 30 min at 37 C. All subsequent procedures were carried out at 5 C. The pH of the crude lysate was adjusted to 6.0 with 1 N HCl and 472 g per liter of solid ammonium sulfate was slowly added with stirring (final saturation of 70%). After addition of the ammonium sulfate, stirring was continued for 12 to 16 h. The precipitate was collected by centrifugation at 16,300 x g for 20 min, suspended in 30 to 40 ml of SA buffer, and dialyzed exhaustively against SA buffer. The insoluble material was removed by centrifugation at 12,000 x g for 20 min.
The dialyzed ammonium sulfate fraction was applied to a column of CM-cellulose. The column was first washed with 1 liter of SA buffer followed by a linear gradient of NaCl (0 to 2 M) in SA buffer (total volume of 500 ml). The elution profile is shown in Fig. 2 . Lytic activities at pH 6.5 and pH 7.5 were eluted in the same fractions with 0.025 to 0.03 M NaCl. Considerable inactivation of lytic activity was observed when the purification procedure was carried past the CM-cellulose fractionation step. Table 3 summarizes the results of the purification through the CM-cellulose fractionation. The pH 6.5 and pH 7.5 lytic activities were purified 539-and 340-fold, respectively. Recovery of the pH 6.5 and 7.5 lytic activity was 37 and 23%, respectively. Lytic activity was not detected in the fractions that were discarded and the purified lytic preparation did not contain TP-8 phage.
Although the two lytic activities were not separated, lytic activity at pH 7.5 was inactivated to a greater extent than the lytic activity at pH 6.5 . In this preparation ( After 2 h of exposure in T buffer pH 7.5 lytic activity was stimulated (144 to 150%), whereas pH 6.5 lytic activity was inactivated by 42 to 60%. The ratio of lytic activity at pH 7.5 to the lytic activity at pH 6.5 was increased from 1.6 to 3.9 and 6.0 after exposure for 2 h at 60 and 65 C, respectively.
Isoelectric focusing. A purified lytic preparation (specific activity of 16,667 and 10,185 units per mg of protein for lytic activity at pH 7.5 and 6.5, respectively) was dialyzed against glycine (1% wt/vol) for 12 to 15 h at 5 C. The dialyzed preparation was subjected to isoelectric focusing in a 110 ml column (LKB Produkter AB, Bromma, Sweden) on an Ampholine (pH 7 to 10) and sucrose (0 to 50%) gradient containing arginine (1.25 mg/ml) to extend the pH gradient in the alkaline range. The cathode was at the bottom of the column. After the lytic preparation was focused for 72 h (4 C) at 700 V, fractions (2 ml) were collected from the bottom of the column and assayed for lytic activity. The two lytic activities were not separated (Fig. 3 ) and the recovery of the lytic activity at pH 7.5 and 6.5 was 23 and 39%, respectively. The ratio of lytic activities at pH 7.5 and 6.5 was identical in each fraction. These results indicate that lytic activity at pH 7.5 was inactivated to a greater extent than the lytic activity at pH 6.5. Ninety percent of the lytic activity was detected in fractions 14 to 20 (isoelectric point [pI] of 9.5 0.2). A small fraction (7%) of the lytic activity was detected in a white fluffy precipitate (pI of 3.0 a 0.2). The lytic activity was separated from the precipitate by washing with 5 M LiCl followed by centrifugation and when subjected to a second isoelectric focusing exhibited a pI of 9.5. Lytic activity could not be separated from the precipitate by washing with distilled water, NaCl, or buffer (PN or TE buffer). The nature of the precipitate was not determined in this investigation. If arginine was not added to the Ampholine gradients (pH 3 to 10 or pH 7 to 10), lytic activity was detected in the cathode compartment.
Polyacrylamide gel electrophoresis. The purified lytic enzyme preparation (34 Mg) was subjected to polyacrylamide gel electrophoresis using the acid gel system (number 8) described by Mauer (14) for basic proteins. Duplicate gels were subjected to 3 mA per gel for 135 min (12 C). One gel was stained with 0.01% Analine blue-black in 7.5% acetic acid and the other was cut into 2-mm segments with a razor blade. Each segment was placed into a tube containing 0.3 ml of 0.05 M sodium phosphate buffer (pH 7.3) and held at 5 C for 5 days. Lytic activity was measured in each fraction and a densitometer trace of the stained gel was obtained at 560 nm on a recording Gilford spectrophotometer with a linear transport for gel scanning. The lytic activity in each fraction along with the corresponding densitometer tracing is shown in Fig. 4 . Lytic activity (85% recovery) was associated with the major protein band (segments 6 through 9). The two minor protein staining bands did not have lytic activity. After polyacrylamide gel electrophoresis of a purified preparation (34 to 50 ug) in gels recommended for the separation of neutral and acidic proteins (14) , five minor protein staining bands were detected; however, none of them contained lytic activity. Although three of the eight protein bands were too faint to appear in the densitometer trace, we estimate that nonlytic enzyme protein contaminants account for approximately 10 Action of lytic enzyme on cell wails. Cell walls were rapidly solubilized by the purified lytic enzyme at pH 7.5 with a 95% reduction in OD after 20 min of incubation. The solubilization of N-terminal amino groups parallels the reduction in OD and reaches a level of 0.73 gmol of cell wall/mg after 20 min of incubation (Fig.  5B) .
After 30 min of incubation at pH 6.5, the OD of a cell wall suspension was reduced by 40 to 50%. Continued incubation (180 min) did not further reduce the OD of the cell wall suspension. Lytic activity at pH 6.5 results in the solubilization of reducing groups, reaching a level of 0.04 pmol/mg of cell wall after 30 min of incubation (Fig. 5A) .
No release of reducing groups or NH2-terminal amino acids occurred in cell wall controls at pH 6.5 or 7.5 after incubation at 55 C for 3 h.
Lysis of cell walls at pH 7.5 was accompanied by the release 0.42 Mmol of COOH-terminal alanine and 0.39 umol of NH2-terminal glutamic acid (Table 4 ). The release of reducing groups (1.6-fold increase over untreated cell walls) probably reflects the presence of residual autolytic enzymes in the cell wall (32) . Lysis of cell walls at pH 6 It could be argued that the release of COOHterminal alanine and NH,-terminal glutamic acid in cell walls incubated with lytic enzyme at pH 6.5 is a result of endopeptidase activity or to the presence of autolytic activity in the cell wall. These arguments however, do not adequately explain the release of reducing groups at pH 6.5 since the complete solubilization of cell walls with the lytic endopeptidase of thermophilic phage TP-1 (32) From the data presented we conclude that the lytic enzyme exhibits some glycosidase activity at pH 6.5.
The liberation of COOH-terminal alanine accompanied by an increase in NH2-terminal glutamic acid is evidence that the lytic activity The release of reducing power at pH 6.5 indicates the presence of glycosidase activity. The nature of the glycosidic bond was determined after reduction of the cell wall digest (8) . Samples of digested and undigested cell walls were treated with 0.1 M sodium borohydride for 3 h at room temperature. The samples were dialyzed against distilled water, lyophilized, and hydrolyzed in sealed tubes with 4 N HCl for 4 to 6 h at 105 C. The HCl was removed in vacuo over NaOH and the hydrolysates were examined by two-dimensional chromatography on Whatman no. 4 paper with pyridine:water (4:1 vol/vol) and 2,6-lutidine:water (4:1, vol/vol). Glucosaminitol and muramitol were prepared by borohydride reduction of samples of standard glucosamine (Schwarz/Mann) and muramic acid (Cyclo Chemical Corp., Los Angeles Calif.), respectively. Amino sugars and hexosaminitols were detected with ninhydrin. Twodimensional paper chromatography of a cell wall hydrolysate before incubation at pH 6.5 revealed that muramic acid and glucosamine were present in approximately equal amounts. After incubation at pH 6.5 followed by reduction, a new component moving with the same Rf value as muramitol was detected. These results are consistent with but do not prove that the lytic activity at pH 6.5 catalyzes the hydrolysis of the glucosidic bond linking Cl of muramic acid to C4 of glucosamine.
Characterization of lytic activity in autolysates. The effect of pH on autolysis of cells of strains 4S and 4S (8) is shown in Fig. 6 . Autolysis of each strain occurs over a pH range of 5.0 to 10.0 with two broad pH optima, one near pH 6.5 and the other near pH 7.5. The extent of autolysis of strain 4S(8) was greater than that of strain 4S. No TP-8 phage were detected in the autolysates of strain 4S (8) . Cells of strain 4S(8) exposed to mitomycin C for 90 min (10 to 20 min before culture lysis) undergo autolysis to the same extent as the nontreated culture. The autolysates of induced cells however contained TP-8 phage (106 to 5 x 10. PFU per ml). The data indicate that the presence of TP-8 prophage and not the events associated with phage replication enhance cell autolysis.
Lytic activity can be released from whole cells or cell walls after autolysis at pH 7.5 or 6.5 or by treatment with LiCl (7; W. C. Brown, Abstr. Annu. Meet. Amer. Soc. Microbiol., p. 48, 1972). Extraction with LiCl was used because (i) strain 4S does not undergo complete autolysis even after several hours of incubation at 55 C and (ii) autolysates contain cell components that are difficult to remove and were inhibitory to lytic activity. Lithium chloride extracts of cells of strains 4S and 4S (8) were assayed for lytic activity in PN buffer (pH 5.7 to 8.0) or TE buffer (pH 7.2 to 9.0). Two broad pH optima were observed which coincided with the pH optima for cell autolysis (Fig. 6 ) and the lytic activity in phage lysates. The lytic activity in LiCl extracts of strains 4S and 4S(8) had a number of other properties in common with the lytic activity detected in phage lysates (data not shown). Lytic activity at pH 6.5 was inhibited (80%) by NaCl (10-3 M) . At pH 6.5 and pH 7.5 the lytic enzyme exhibited N-acetylmuramidase and endopeptidase (hydrolysis of the L-alanyl-D-glutamyl bond of the cell wall peptide subunit) activity, respectively. The two lytic activities could not be separated by ion exchange chromatography (adsorbs and elutes from carboxymethyl cellulose with 0.03 M NaCl), isoelectric focusing (pl 9.5), or polyacrylamide gel electrophoresis. No attempt was made to free the lytic enzyme of contaminating cell components.
Since cells of the lysogen contained more lytic activity than the cured strain we were interested in determining whether the lytic enzyme was associated with the cell wall or located in the cell cytoplasm. Cells of strains 4S and 4S (8) and strain 4S (8) two fractions, cell walls and nonwall material. Lytic activity was extracted from each fraction with 5 M LiCl and the total lytic activity (at pH 6.5 and 7.5) in each fraction was compared in the two strains ( Table 5 ). The lysogen contained more lytic activity than the cured strain and in both strains 82 to 86% of the lytic activity was associated with the cell wall. Lytic activity in the cells of strain 4S(8) treated with mitomycin C for 90 min was detected predominantly (80 to 81%) in the nonwall fraction. Most (95%) of the lytic activity in the nonwall fraction was detected in the cytoplasmic fluids fraction (highspeed centrifugation supernatant fluids). The total lytic activity extracted from disrupted cells was usually 10 to 15% higher than that extracted from intact cells.
Coyette and Shockman (5) reported that 3.2 to 4.5 times more autolytic enzyme activity was associated with the cell wall when cells of Lactobacillus acidophilus were disrupted in the presence of 0.01 M sodium phosphate, pH 7.8, than when disrupted in distilled water.
The distribution of the lytic activity between the cell wall and the nonwall material in strain 4S (8) and strain 4S (8) It is possible however that these results do not reflect the actual in vivo distribution of lytic activity in the lysogen and cured strains. DISCUSSION The present studies were concerned with the characterization of the lytic activity in phage TP-8 lysates. Crude lysates and purified lytic enzyme preparations exhibit lytic activity with two pH optima, one at pH 6.5 and the other at pH 7.5. At pH 7.5 the lytic enzyme is an endopeptidase which hydrolyzes the L-alanyl-Dglutamyl linkage in peptide subunits of the cell wall peptidoglycan and at pH 6.5 it exhibits N-acetylmuramidase activity. A variety of enzyme fractionation procedures including ammonium sulfate fractionation, ion exchange chromatography, gel filtration, isoelectric focusing, and polyacrylamide gel electrophoresis were employed but the two lytic activities (pH optima at 6.5 and 7.5) could not be separated. The lytic enzyme is a basic protein with a pI of 9.5. Endopeptidase activity is inhibited by NaCl and neither lytic activity was significantly affected by divalent cations or EDTA. Crude lysates contain 2.5 to 3.0 times more endopeptidase activity than N-acetylmuramidase activity. The ratio of the two lytic activities (endopeptidase/N-acetylmuramidase) decreases to 1.3 to 1.7 during the course of purification and increases from 1.6 to 3.9 and 6.0 after exposure for 2 h at 60 and 65 C, respectively. The combined results indicate that two different lytic activities are associated with the lytic enzyme. The two lytic activities can be differentiated with respect to pH optimum and sensitivity to NaCl, EDTA, and thermostability. The relatively small number of reducing groups released at pH 6.5 as opposed to the large number of NH,-terminal amino acid groups released at pH 7.5, however, makes it difficult to prove the existence of two specific lytic activities.
The combined data indicate that phage lysates contain a lytic enzyme complex composed of two enzymes, each with a different mode of action. It is unlikely that the two lytic activities are associated with a single protein or that a monomer-dimer transition may account for the endopeptidase activity and N-acetylmuramidase activity. An example of such a lytic enzyme was reported by Moo-Penn et al. (15, 16) ; however, the mode of action of the monomer (pH 5.5) and dimer (pH 8.5) on Escherichia coli cell walls was not determined. A final decision as to the nature of the lytic enzyme(s) in phage TP-8 lysates cannot be made until lytic preparations are obtained free of other contaminating proteins.
It is generally accepted that a single, phagespecific lytic enzyme is responsible for the release of mature phage particles from infected cells. In most of the phage-host systems reported to date only one lytic activity was detected in phage lysates. There have been reports, however, wh.ere crude lysates contained more than one kind of lytic activity (6, 20) . It is possible that some investigators neglected to examine the lysates for the presence of additional lytic enzymes or that additional lytic enzymes were not detected because they were present in low concentrations. The presence of more than one lytic enzyme in a lysate can best be detected by a determination of the COOH-and NH,-terminal amino acids (endopeptidase of N-acetylmuramyl-L-alanine amidase) or the nature of the reducing group (Nacetylglucosaminidase or N-acetylmuramidase) released as a result of lytic activity on cell walls. Since lytic enzymes present in low concentrations may be lost during the purification of the predominant lytic enzyme, these studies must be made with crude lysates.
Stewart and Marmur (22) suggested that the lytic enzyme responsible for lysis of B. subtilis after infection with phage SP82 was not coded for by the phage genome but was a host autolytic enzyme. This hypothesis was based primarily on the observation that cells of a mutant of B. subtilis lysed after infection with phage SP82 in the absence of detectable phagespecific DNA synthesis (21) . Several other observations suggested that the phage SP82 genome does not code for its own lytic enzyme: (i) lytic activity extracted from phage SP82-infected cells is similar to that from uninfected cells with respect to the effect of ionic inhibitors and of temperature on lytic activity and with respect to substrate specificity (C. R 22 ). All of these observations suggest that phage SP82 lacks a specific lytic enzyme.
More than one lytic enzyme (autolysin) has been identified in autolysates of E. coli (9, 18, 29) , Staphylococcus aureus (25, 27) , B. $ubtilis (4), and B. thuringiensis (10) . No Definite proof as to the relationship between the lytic enzyme in phage lysates and the lytic enzyme extracted from whole cells will be provided when the enzymes from these two sources are freed of all contaminating protein.
